Scalable microfabrication technology has enabled semiconductor and microelectronics industries, among other fields. Meanwhile, rapid and sensitive bio-molecule detection is increasingly important for drug discovery and biomedical diagnostics. In this work, we designed and demonstrated that photonic crystal sensor chips have high sensitivity for protein detection and can be mass-produced with scalable deep-UV lithography. We demonstrated label-free detection of carcinoembryonic antigen from pg/mL to μg/mL, with high quality factor photonic crystal nanobeam cavities.
Introduction
With the discovery of new disease biomarkers and the emergence of new pathogenic strains of bacteria and viruses, rapid and sensitive bio-molecule detection is increasingly important in biomedicine and public health. Fluorescence based assays (e.g. enzyme-linked immunosorbent assay (ELISA), microarray [1] [2] [3] [4] ) have enabled a number of scientific advances and commercial applications. However, the labeling approaches are often difficult to control, can interfere with receptor affinity, can change protein dynamics, and cannot reveal the real-time dynamics. In this work, we develop a label-free protein chip based on photonic crystal nanobeam cavities [5] . This protein chip is capable of monitoring the binding process of proteins in real-time, with a sensitivity in the range of pg/mL. Furthermore, the chips are fabricated at a CMOS-compatible silicon photonics foundry at wafer scale, with an entirely scalable process. This shows great promise in not only high sensitivity protein detection, but also low-cost scalable production, thus, further opening the door for clinical and industrial applications.
Photonic crystal nanobeam cavities
The photonic crystal nanobeam cavity is a perforated silicon waveguide resting on a silicon dioxide substrate ( Fig. 1(a) ). The perforation is patterned periodically to tightly confine the light into the center of the structure via optical interference [5] . The protein detection is achieved by monitoring the optical resonance of the cavity: the resonance wavelength will change when proteins bind to the surface of the cavity due to the increased refractive indices relative to the carrier fluid. The magnitude of resonance shift scales with the amount of proteins that are bound on the sensor surface and inversely scales with the size of the optical mode volume. In this work, we use the photonic crystal nanobeam cavity, taking advantage of its ultra-small optical mode volume [6] . Fabrication of nanobeam cavities is typically achieved by electron beam lithography (E-beam, with ∼5nm resolution) [7] [8] [9] [10] [11] [12] , however, the E-beam process is not scalable, thus limiting its capability for high volume production. In this work, we explore the possibility of fabricating chips in large quantities with scalable photolithography technology. The fabrication is processed in the IMEC-ePixfab micro-fabrication foundry. It provides wafer scale technologies based on deep UV (DUV) lithography with 193nm and 248nm exposure wavelengths. The benefits of DUV lithography are (1) fast process: the tool step-scans the mask and replicates the patterns of the mask to the wafer. Depending on the die size, 50 to 1000 chips per 200 mm wafer can be obtained in a couple of minutes. (2) low-cost: with DUV lithography, fabricating 1000 chips is almost the same as fabricating one, hence cost per chip reduces as the volume increases. age of the nanobeam cavity, the core sensing element. The nanobeam cavity is designed with the deterministic method that was demonstrated previously [13] . The holes are spaced with a periodicity of 340nm. The diameters of the holes are decreased from 210nm to 120nm with 20 gratings in a quadratic manner. With current UV photolithographic tools, only the first 13 gratings came out, while the rest failed either during the photolithography process or during the silicon etching process. Figure 1(c) shows the SEM image of the grating coupler. The distance between the two grating couplers is 250μm, designed to fit the commercial fiber arrays (OZ optics). In this scheme, two adjacent fibers from the fiber array were aligned with the grating coupler for in/out coupling. Previous work shows that the second order reflection occurring during coupling can be minimized by mounting the fiber array at 10 • to the vertical [14] . For initial alignment, an objective was used to image the fiber position with respect to the grating. The fibers were located about 2mm above the grating, which results in low signal but easy alignment. The input wavelength was chosen at 1550nm -the designed center wavelength of the coupling. Once initial coupling was achieved, the fiber array was lowered to ∼ 20μm above the chip. The fiber array was situated on a 3-axis motorized stage, and an automated x-y position scan was performed to locate the optimal coupling. A tunable laser source was used to probe the transmission of the nanobeam cavity. Figure 2(a) shows the cavity spectrum. The funda-mental cavity mode has resonance at 1482nm, with Q of 14,000 (in air), obtained by fitting to the Lorentzian profile.
To study the yield and fabrication tolerance, a total number of 28 samples were tested. These 28 samples were fabricated with a dosage sweep in the range of (19±1.6)mJ/cm 2 . Measured Qfactors are summarized in Fig. 2(b) . A mean Q-factor on the order of 10 4 was obtained. Q value has a large distribution because a dosage scan was performed at different chips across the wafer. The resonance wavelength is spanned from 1470nm to 1505nm (Fig. 2(c) ). We further studied the alignment tolerance of the system by fixing the source at 1550nm, and scanning the fiber array around its optimal coupling position. The coupling efficiency of the grating coupler at its optimal position was calculated to be 19% at 1550nm. Figure 2(b) indicates that the alignment tolerance is about ±2μm (decreased by half of its maximum), which is greatly improved from the fiber-waveguide end-coupling method (< 0.5μm) [5] . This is a significant advantage for instrument automation, especially for point-of-care testing tools. Furthermore, the sensors can be placed in large quantities in a 2D array format or at arbitrary positions on the chip. The vertical coupling geometry is ideal for wafer-scale (or chip-scale) scanning.
Refractive index sensing
The analyte-induced cavity resonance shift falls into two categories: it can be a homogenous change of the background refractive index or an outstanding refractive index change on the sensor surface by protein binding. First, the sensor was characterized for sensitivity to the homogenous change of background index. A microfluidic channel was fabricated with polydimethylsiloxane (PDMS) using replica molding of an SU-8 template. The microfluidic channel has dimensions of 2mm by 100μm by 50μm (length, width, height) with two sub-millimeter holes, one at each end as an inlet and outlet for fluid delivery. Both the silicon chip and the PDMS channel were first treated by oxygen plasma and immediately aligned using a homemade microscope aligner, followed by a curing process at 70 • C for 3 hours. The microfuidic channel was further permanently sealed on the chip with epoxy. The resonance of the cavity was measured before and after DI water, methanol, acetone, ethanol and isopropyl alcohol (IPA) were injected into the sensor. Figure 3(a) shows a strong linear relation between the resonances of the sensor and the refractive indices of the solvents. A linear fitting results in a sensitivity of 69nm/RIU (RIU: refractive index unit). The refractive index sensitivity depends on the portion of the optical energy lying outside of silicon, and generally is in trade-off to its Q-factors [15] . The current design is optimized for high Q-factor and high fabrication tolerance, as UV-lithography was used in fabrication. A further optimized structure (but with more strict fabrication requirements) is demonstrated by Yang et. al. [16] .
Biomarker detection by antigen-antibody reaction
The practically more meaningful application is to detect biomarkers that are captured on the sensor surface [17] [18] [19] [20] [21] [22] [23] [24] [25] [26] [27] [28] . Since the cavity resonance shift inversely scales with the optical mode volume, the nanobeam cavity (with ultra-small mode volume on the wavelength scale) is an excellent platform to achieve high sensitivity for protein detection. Here we demonstrate the label-free detection of carcinoembryonic antigen (CEA) from 0.1pg/mL to 10ug/mL. CEA is a tumor biomarker and can be used to monitor the colon cancer treatment, and identify the recurrence after surgical resection [29] .
The silicon chip was cleaned with acetone, methanol and IPA, then activated by oxygen plasma. The PDMS channel was also activated with oxygen plasma and bound, cured, and sealed with epoxy onto the chip. To selectively detect CEA, we used the antibody-antigen locking mechanism and modify the sensor surface as follows [18, 19] : First, a 2% solution of 3-aminopropyltrimethoxysilane (APTES) in 95% ethanol was injected into the microflu- idic channel for 10 minutes, followed by a removal of residual siloxane by flushing with 95% ethanol. The resonance shift during this process was monitored in real time (Fig. 3(b) ), indicating the APTES had sufficiently reacted with the activated silicon surface. Next, 10mM of glutaraldehyde (Sigma) and 10mM of sodium cyanoborohydride (Sigma) pre-mixed solution were injected for 2 hours, followed by a wash with phosphate buffered saline (PBS). This created aldehyde termination on the sensor surface. Anti-CEA (1ug/mL) was subsequently injected for 1 hour and washed by PBS for 5 minutes. Figure 3(c) shows that anti-CEA was successfully captured on the sensor surface. Finally, different concentrations of CEA (0.1, 1, 10, 100pg/mL; 1, 10, 100ng/mL and 1, 10μg/mL in PBS) were consecutively injected to the microfluidic channel. The fluid rate was kept at 2μL/min, delivered by a syringe pump (Harvard Apparatus). Figure 3(d) shows the representative resonance curve before and after the CEA sensing experiment. Figure 3(e) shows the real time resonance shift during the sensing process, extracted by Lorentzian fitting. The red dotted line indicates different steps for different concentrations of CEA. A clear binding signal was observed starting from 10pg/mL. At concentrations above 1μg/mL, PBS wash brought the sensor resonance back to the baseline. This indicates that the sensor surface was saturated by antigen-antibody binding, and all excess shifts were due to physical absorption, which was washed off by PBS. In Fig. 3(f) , we plotted resonance shift v.s. concentration of CEA, and fitted the curve with Langmuir equation [30] . From fitting, we obtained the dissociation constant of 14ng/mL, consistent with the results obtained by commercial label-free instruments [31] .
Conclusion
In summary, we demonstrated the detection of CEA biomarker from 0.1pg/mL to 10μg/mL, over 8 orders of magnitude and achieving a detection limit of sub-pg/mL. The dissociation constant of CEA protein was also obtained from the concentration measurement. The sensor chips in our experiment were fabricated by scalable deep UV lithography and have shown high yield and high dose tolerance, with a mean Q factor of 9,000. The top-down fabrication approach also enables high density integration and interfacing between photonics and electronics. This shows great promise in achieving low-cost, high-sensitivity, and high-throughput automated biomedical point-of-care testing tools.
